We investigate the carbon cycle in Lake Washington for the year 1980 using monthly measurements of the dissolved inorganic carbon (DIC) and its 13C : r2C isotopic composition. Mass balances of DIC and its 13C : 12C yield estimates of CO, gas exchange rates and net organic carbon production rates. Between 24 June and 13 August, the calculated CO, gas invasion rate of 0.80 x lo6 mol C d-l is nearly equal to the river DIC inflow rate. The calculated epilimnetic net organic carbon production rate is 0.68 x lo6 mol C d-l, about 20-30% of primary productivity estimated from 14C-fixation experiments and ETS-derived respiration rates. Metalimnetic and hypolimnetic DIC increase rates and porewater DIC gradients in hypolimnetic sediments indicate that remineralization of particulate organic carbon (POC) previously deposited in the sediments is a major (0.5 x lo6 mol C d-l) DIC source to the lake during summer.
Carbon is the most abundant nutrient in aquatic ecosystems and its acid-base behavior dominates the buffer capacity of most natural waters. To fully understand the effects of lake eutrophication and acidification we must determine the magnitude and pathways of carbon flow in freshwater systems. The aquatic carbon cycle is extremely dynamic because of the abundance of carbon in different chemical forms that are labile to varying degrees: particulate organic and inorganic carbon, dissolved inorganic carbon [DIC = CO,(aq) + HC03-+ C032-], and dissolved organic carbon (DOC). In this study we categorize the pathways of carbon transfer in Lake Washington into those which result in a net gain or loss (river inflow, outflow, sediment burial, and CO2 gas exchange) and those which redistribute carbon within the system (e.g. primary pro-L University of Washington, School of Oceanography Contribution 1428. This study was funded by the U.S. National Science Foundation (EAR 82-06786).
duction, respiration, remineralization, and mixing). We evaluated the importance of these processes during 1980 by measuring the effect of these carbon transfers on the rate of change of the DIC and on its 13C : 12C ratio. Our objectives are to demonstrate the utility of stable carbon isotopes in quantifying lake carbon fluxes, to determine the major sources and sinks for carbon during the productive summer months, to quantify the role of CO, gas exchange in the carbon cycle of the lake, and to determine an annual carbon balance for Lake Washington during 1980 and compare this balance with the sedimentary record.
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Carbon cycle in lakes-There are few complete studies of carbon mass balances in lakes, probably because of the number and complexity of pathways for carbon transfer. Studies of carbon cycles in lakes usually focus on either the organic or inorganic component of the total carbon cycle. For example, the investigation of the POC and DOC budget for Lawrence Lake (Wetzel et al. 1972 ) is one of the most complete determinations of the organic carbon balance of a lake. The numerous studies of the DIC cycle in lakes in the Experimental Lakes Area (ELA) (e.g. Schindler and Fee 1973; Emerson 1975; Hesslein et al. 1980 ) exemplify investigations of the freshwater DIC cycle. Limnologists have most commonly studied particular processes that are parts of the overall carbon cycle: CO2 gas exchange, sediment-water exchange, POC-DOC-DIC transformations, and of course primary production and respiration.
The importance of gas exchange to the carbon cycle was documented in the ELA where the invasion of CO, to eutrophic Lake 227 was shown to be the major source for primary production Schindler et al. 1972) . Hesslein et al. (1980) , in a whole lake 14C experiment at the ELA, showed that the major loss of carbon from Lake 224 was to the atmosphere. Otsuki and Wetzel (1974) demonstrated that in a hardwater lake in Michigan, where the epilimnetic CO2 partial pressure is always at least three times the atmospheric CO2 pressure, gas exchange resulted in a net loss of carbon year-round. Thus, the role of atmospheric CO, exchange depends on lake chemistry.
The sediment-water interface has been long recognized as a source for DIC. Hutchinson (194 1) concluded that the bicarbonate concentrations measured over a given depth interval in Linsley Pond were correlated to the sediment area exposed over that interval. In studies relating the hypolimnetic DIC accumulation to productivity (e.g. Ohle 19 5 6) sediment DIC fluxes were an implicit assumption. The development of devices for sampling sediment and porewater (e.g. Hesslein 1976; Sayles et al. 1976 ) has led. to direct measurement of sediment-water carbon fluxes. For example, Hesslein (1980) used porewater measurements to demonstrate the' dominant influence of sediment fluxes of DIC, CH4, and NH3 on the hypolimnetic accumulation of these chemical species in Lake 227 of the ELA.
The detrital DOC and POC pools in lakes contain components that undergo degradation on time scales varying from hours to years (Wetzel 1983) . In Lawrence Lake (Wetzel and Rich 1973) and Frains Lake (Saunders 1980) , DOC secreted by phytoplankton was found to be subject to rapid (24-48 h) decomposition.
However, in the experiment of Hesslein et al. (1980) only N 6% of the DOC pool was involved in photosynthesis in 100 days.
Carbon cycling within the photic zone of lakes is dominated by photosynthesis and respiration. The traditional 14C assay does not always yield an accurate rate determination (see Peterson 1980) . Several studies in oligotrophic marine (e.g. Ryther et al. 197 1; Sheldon and Sutcliffe 1978; Sieburth et al. 1977) and lake (e.g. Verduin 1975) waters indicate that the 14C assay underestimates the true net primary production [where net primary production = gross primary production (transformation of DIC to POC by photosynthesis) -phytoplankton respiration].
In some highly productive lakes, however, the method overestimates net primary production (e.g. Berman and Pollingher 1974; Ganf and Blazka 1974) .
The study of respiration by the electron transport system (ETS) was developed for marine zooplankton by Packard (197 1) and calibrated by Kenner and Ahmed ( 197 5) and Devol and Packard (1978) for marine and freshwater plankton. Studies of phytoplankton and zooplankton respiration in Lake Washington in 1974 (Devol and Packard 1978; Devol 1979) demonstrated that the ratio of daytime primary production to evening phytoplankton respiration varied from 15 to 1 during the year. For the period of summer stratification (July and August), the value was about 2-3; i.e. the night respiration rate was -40% of daytime productivity.
Carbon isotopes -We have used changes in the l 3C : l 2C of the DIC to estimate carbon transfer rates between the inorganic and or-ganic carbon pools. Many natural processes fractionate 12C and 13C atoms. The 13C : 12C is reported as parts per thousand (Y& per mil) represented by 613C, where 613C (o/00) = (13C/12C)sample _ 1 x 1 000 ( 13C/'2C)std 1 , and the (13C : 12C) std is a marine carbonate, PDB (Craig 1953) . Important biogeochemical processes produce significant 1 3C fractionations:
photosynthetic assimilation of carbon (-2OY&), transformation of CO,(aq) to HC03-(+ 80 and methane production (-50 to -8Oo/oo) (see Degens 1969) . For lake studies the differences of the 613C values of atmospheric CO, (about -~?&Jo), phytoplankton (-20 to -4Oo/oo), and methane (-SOY&) are potentially useful to identify sources and sinks of carbon. For example, an increase in DIC concentration which results from CO2 produced by microbial degradation of algal matter will change the 613C of the DIC differently from one which results from CaCO, dissolution. Thus, measuring both the rate of change in DIC and the DIC 613C can with time isotopically identify the source of the increase.
Relatively few isotopic measurements of the DIC 613C in lakes have been made. Oana and Deevey (1960) concluded that the 613C change in the hypolimnetic DIC of several Connecticut lakes was not due solely to remineralization of POC but included a carbon source more enriched in 13C; they postulated that this source could be dissolution of CaCO, or the addition of isotopically enriched CO2 produced by fermentation processes in the anoxic sediments. The potential importance of the latter processes in lake sediments was confirmed by measurements of 13C-enriched DIC in sediment porewater in Lake Kinneret, Israel (Stiller and Margaritz 1974) , in Lake Memphremagog, U.S./ Canada (LaZerte 198 l), as well as in Lake Washington (Kuivila and Murray 1984; this work) . Rau (1978) measured the 613C of the DIC and zooplankton in a subalpine lake and concluded that the major source of carbon was derived allochthonously from terrestrial organic matter.
Study site-Lake
Washington is located within the urban environment of Seattle, Washington. It has been the object of a long term study of the effects of sewage outfall to the lake and subsequent sewage diversion (e.g. Edmondson and Lehman 198 1) . The lake has two major inflows (Cedar River and Sammamish River) and one regulated outflow to Puget Sound that maintains the lake level at kO.3 m. The catchment area is 1,588 km2. The surface area of the lake is -88 km2 with a maximum depth of -65 m and volume of -2.9 km3 (see table 1 and figure 2 of Edmondson and Lehman 198 1) . The limnological characteristics of Lake Washington were summarized by Edmondson (1977) .
Methods
During 1980, monthly measurements of temperature, pH, alkalinity, DIC, and DIC 613C were made at a central location in Lake Washington (Madison Park Station: see Edmondson and Lehman 198 1) and at both major inflows. Water samples were usually collected at 5-m depth intervals from O-60 m. A lakewide survey confirmed the observation of Peterson (1955) that changes at the central location were representative of the whole lake (Quay and Emerson unpubl. data). Samples were divided for measurements of pH, alkalinity, DIC, and DIC 613C. pH was measured immediately after collection. Alkalinity and DIC samples were poisoned with HgC12, refrigerated, and analyzed within a day. Samples for DIC 613C analysis were poisoned, refrigerated, and usually analyzed within 1 week.
Temperature was measured with a Whitney thermistor (+O. l°C) calibrated with reversing thermometers. pH was measured with a Coming double-junction glass electrode with a calomel reference immersed in a gastight sample container and calibrated by NBS buffers (precision +0.02 units). Alkalinity was determined by Gran titration (Gran 19 52) in an open vessel (precision 40.5%). DIC was measured by gas chromatography with a Carle (S-ASCl 11) gas chromatograph with a Poropak Q column and thermal conductivity detector. The CO2 gas was extracted from an acidified water sample in a sealed vessel via a silicone elastopolymer loop. After CO, was allowed to diffuse across the walls of the loop for 3 min, the gas was swept into the chromatograph with an N2 carrier. The precision of this measurement was & 1%.
DIC was also determined from pH and alkalinity with activity coefficients for bicarbonate and carbonate ions calculated from the Debye-Huckel equation (Whitfield 1975) , the complexation constants for CaHCO,+, CaCO,O, and MgC030 (Jacobsen and Langmuir 1974; Reardon and Langmuir 1974) , and the thermodynamic equilibrium constants for the dissociation of HC03-and C032- (Harned and Davis 1943; Hamed and Scholes 1941) . There is a clear trend for measured DIC concentrations to be greater than the calculated values ( Fig.  1) . Recent (1983) analyses of pH, CO,(aq), alkalinity, and DIC (measured manometrically) for Lake Washington water indicate close agreement, within 1%, between manometric DIC measurements and DIC values calculated from alkalinity and CO,(aq) or alkalinity and pH (Emerson and Quay unpubl. results) . These results support the ac-' curacy of our DIC values calculated from pH and alkalinity measurements during 1980 and lead us to suspect the DIC measurements by gas chromatography reported here. We use only the calculated DIC values for the mass balance calculations below.
The DIC 613C was determined by extracting all the CO, gas from an acidified water sample (Kroopnick 1974) and measuring the * 3C : 12C of the CO, gas sample on a Nuclide 6-60 mass spectrometer. The ci13C of POC samples was measured with a sealed tube oxidation-combustion procedure (Stump and Frazer 1973) . POC samples were derived from sediment traps and net hauls (>76 pm) and then filtered through a precombusted 0.45~pm glass-fiber filter. The overall precision of both 613C determination procedures (including sample preparation) is + 0.1%0.
Primary production was estimated twice a month during most of 1980 from 24-h 14C incubations at depth intervals of 2 m from 0 to 16 m at the same central location used for water sampling. Water column respira- tion estimates were derived from ETS measurements made at eight depths in the water column. The method is described by Packard (1971) and its application to phytoplankton respiration in Lake Washington discussed by Devol and Packard (1978) . The ETS determinations in Lake Washington represent mainly phytoplankton respiration and bacterial remineralization rates as most zooplankton are filtered out with a 76-pmmesh Nitex net before the measurement (see Devol and Packard 1978) .
Unpoisoned sediment traps, cylinders 60 cm high and 15 cm in diameter, were suspended at 15 and 50 m and collected at 2-week intervals during 1980. Fluxes of total material and organic matter (loss on ignition at 500°C) were determined from the bimonthly measurements.
Discharge rates for the Cedar River were measured daily by the USGS and are reportedly accurate within 5-10%. Total discharge rates for the Sammamish River were determined from direct measurements of upstream discharge and three downstream tributary discharges. Discharge rates for small, unmonitored streams were estimated from empirical relationships determined between small stream and Sammamish River discharges in years when both sets of measurements were available (see table 9 of Lehman 1978) . 2. Lake Washington temperature profiles for pH, alkalinity, DIC, and DIC ?Y3C were measured monthly on the Cedar River and Sammamish River during 1980; pH and alkalinity were measured bimonthly (W. T. Edmondson pers. comm.) in two streams, Thornton Creek and Swamp Creek. The DIC 613C of these two streams was analyzed during 1979. Estimates of the average pH, alkalinity (and derived DIC), and DIC rS13C for all unmeasured streams were calculated in two ways: with the monthly Thornton and Swamp Creek averages and with an empirical relationship (Lehman 197 8) between the dissolved chemical concentrations of Thornton Creek and several (6) small-stream measurements made during 1957 and 1964.
Daily outflow discharge and lake elevation levels were measured at the H. H. Chittenden Locks by the U.S. Army Corps of Engineers; pH, alkalinity, DIC, and DIC 6' 3C were measured monthly in outflow samples.
Precipitation input to the lake for 1980 was calculated by J. Lehman (pers. comm.) . The DIC of the precipitation was assumed to be in equilibrium with atmospheric CO,; values for the DIC concentration of 14 PM with a 613C of -7.4%0 were adopted.
Sediment porewater was collected for carbonate chemistry analyses (DIC, alkalinity, pH, and DIC 613C) by two methods: directly by in situ sampler in 1980 (Kuivila and Murray 1984) and by centrifugation (at 4°C) of sediment collected by box core in 198 3. 
Results
The carbonate system-The annual temperature cycle (Fig. 2) shows that Lake Washington is monomictic and ice-free with the well mixed circulation period lasting from December to March. Thermal stratification began in April 1980 and reached a maximum surface temperature of about 2 1°C in August. The epilimnion began to deepen in September, and the lake became isothermal in December. During the stratified season the lake is divided into an epilimnion (O-l 0 m), metalimnion (1 O-20 m), and hypolimnion (20-60 m). Biological activity and water circulation cause pronounced changes in the depth distributions of alkalinity, DIC, pH, and DIC 613C during the year. The annual alkalinity cycle (Fig. 3) began with minimum values (-640 peq liter-l) in March at the end of the winter isothermal period. After the onset of stratification, alkalinity increased in both the epilimnion and hypolimnion to a maximum epilimnetic value of 740 peq liter-' in September and a maximum hypolimnetic value of 700 peq liter-' in December.
pH (Fig. 4) was -7.4 in March. With the onset of thermal stratification, the pH of the epilimnion increased to 8.8 in July and August. Hypolimnetic pH decreased from the March levels to a minimum of N 7.0 in November. These trends resulted from the redistribution of CO,(aq) in the water due to photosynthesis in the surface water and re-13C in Lake mineralization in the hypolimnetic water and sediments.
The DIC cycle (Fig, 5) should follow that of alkalinity to a certain extent because the main constituent of both was bicarbonate ion at the pH of the lake water. There were, however, significant differences; the epilimnetic DIC concentrations increased only slightly during summer, whereas the hypolimnetic DIC increased more than the alkalinity values. The changes in DIC were caused mainly by the same factors that create the pH changes-the redistribution of CO, in the lake by photosynthesis and then remineralization of organic carbon. The annual cycle of the DIC 6 * 3C (Fig. 6 ) is a sensitive indicator of the changes resulting from biological carbon fixation and subsequent degradation because of the large isotope fractionation during photosynthesis. The epilimnion had a DIC 613C value of -7.7Ym in March; with the onset of stratification it became enriched in P3C, reaching a value of -4.5a/oo in August. The epilimnetic 13C enrichment was accompanied by a 13C depletion in the hypolimnion, with a minimum of 613C = -11.0%0 in October. By December the lake was again nearly homogeneous. During the winter mixing period, January-March 1980, the DIC 613C increased from -8.7 to -7.8Ym.
peratures from alkalinity and pH (i.e.
The annual changes of epilimnetic dissolved CO2 partial pressures (pC02) and of the DIC P3C are presented in Fig. 7 Table 1 and the data from the inflows in Table 2 .
Alkalinity, DIC, and DIC 613C all show gradients at the base of the water column (Figs. 3, 5, 6 ), indicating that the sediments were an important source of organic carbon degradation products. these species and methane in porewaters from two different sampling periods are presented in Fig. 8 . The data in Fig. 8a result from measurements of samples collected by an in situ sampler and are from the study of Kuivila and Murray (1984) . The pronounced increase in DIC and methane immediately below the sediment-water interface was accompanied by enrichment in the DIC 613C due to fractionation during methanogenesis (La&-t-e 198 1). To derive a more precise estimate of the gradients near the sediment-water interface porewater, we analyzed samples centrifuged from a sediment core at 0. S-cm depth intervals in 1983 (Fig. 8b) . These data show large gradients in CO,(aq), alkalinity, and DIC near the sediment-water interface. We will use the more detailed 1983 data to calculate DIC fluxes from the sediments.
Primary production, respiration, and particulatefluxes-Results of the 24-h 14C uptake experiments (Table 3) showed large fluctuations throughout the year with maximum values in June 1980. The average of five measurements of 14C-uptake-derived primary production rate during 24 June-l 9 August 1980 is 340 mg C mB2 d-l, which, when corrected for daily solar insolation, yields an average rate of 2.2 1 X lo6 mol C d-l. Estimates of respiration rate compiled from ETS activity measurements for 1980 are presented in Table 4 . Nearly all the non- June and July is 0.0011+0.0004 mol C me2 h-l (2.2 x lo6 mol C d-l). This is similar to the value of 0.00 13 +0.0004 mol C m-2 20 -h-l measured in Lake Washington by Devol 3 and Packard (1978) 
DIC and DIC-P3C mass balances
The DIC pool is the largest carbon reservoir in Lake Washington, comprising about 70% of the total carbon in the water. 0 q Changes in the DIC pool size and its iso-6-topic composition reflect temporal changes z B-0 in the magnitudes of the DIC sources and 2 0 sinks. Monthly measurements of DIC and 2 lo DIC 613C combined with similar analyses 12-in the inflows and outflows and 613C mea-0 ,4-0 A surements of the organic carbon in the lake provide the information required to determine DIC and DIC-613C mass balances. We use these two mass balances to calculate CO2 (DI CO,(aa) Alk DIC gas exchange rates and net conversion of '20 * 0 a I '--I--' I DIC to organic carbon (POC or DOC) be- will show the utility of DIC and 613C measurements for quantifying the carbon cycle in lakes.
The dissolved inorganic carbon balance includes inputs from precipitation, river, and stream inflow (I), loss via outflow (O), CO2 gas exchange (G), and net conversion of DIC to organic carbon (S). The rate of change of the DIC concentration is
where I/is the volume of the lake, and DIC, DIC, and DIC, are the dissolved inorganic carbon of the lake, the inflows, and outflow. Because CaCO, (s) was not present in sus- Table 4 . Respiration rates (1 O-9 mol CO, liter-l h-l) calculated from ETS measurements made in 1980, assuming RQ = 1 (see Devol and Packard 1975 pended material in the lake, inflows, or in the sediments, CaCO, dissolution as a DIC source is assumed to be negligible. Inflow and outflow rates are calculated from measurements of flow (m3 d-l) and DIC (mol m-3). S in Eq. 1 represents the net conversion rate of DIC to organic carbon (POC or DOC) and is similar to a new production rate (i.e. the portion of organic carbon derived from primary production which is not recycled into the inorganic carbon pool). The gas transfer rate of CO2 between the lake and atmosphere (G) in Eq. 1 is described in terms of diffusive transport across a stagnant boundary layer at the water surface. The flux of CO, through the stagnant boundary layer depends on the molecular diffusion rate of CO2 (Dco, = 1.8 X 1 OW5 cm2 s-l at 20°C), the concentration gradient of dissolved CO2 across the stagnant boundary layer and its thickness (2).
G=Af x Dco2
x IPCW x a -C02(aq)I (2) Z where A is surface area, pC02" is CO2 partial pressure in atmospheres, a! is CO, solubility in water (mol liter-l atm-'), and CO,(aq) is dissolved CO2 concentration in the epilimnion (mol liter-l). The chemical enhancement factor (f) results from the net diffusive flux of dissolved inorganic carbon through the stagnant boundary layer driven by concentration gradients in HC03-and C032-(CO, + C032-+ H20 -2HC03-). The diffusive flux of these ions facilitates the transfer of carbon across the air-water interface and is dependent on the thickness of the stagnant boundary layer and the pH of the epilimnion (Emerson 1975) . The uncertainty in determining the values of both z and f make it difficult to calculate accurately the gas exchange rate from measurements of CO,(aq).
A DIC-13C balance similar to Eq. 1 can be written as follows:
where (13C/12C)1 is the 13C: 12C of DIC of the lake, (13C/12C)j is the 13C: 12C of DIC of the inflow, (13C/12C)0 is the 13C : 12C of DIC of the outflow, ( 13C/12C), is the 13C : 12C of CO, gas, and ( 13C/12C)s is the 13C : 12C of organic carbon. We assume that DIC-12C is approximated by DIC and DIC-13C by DIC x 13C/12C. The 13C : 12C of the organic carbon is derived from 6 13C measurements of 20 samples of particulate material collected from June to December 1980 in sediment traps, net hauls (>76 pm), and surface sediments, resulting in an average 613C = -29 + 3%~ Measurements of DOC sampled during 1983 reveal a constant 613C of -28 &2%, indicating that both organic carbon pools have similar 13C : 12C ratios. We assume that there is no isotopic fractionation during respiration and microbial degradation of organic carbon (Degens et al. 1968; Smith and Kroopnick 198 1) .
The term describing the gas exchange rate of 13C [i.e. G x (13C/12C)g] is similar to Eq. 2, with the following additional terms: 1 3C : 12C of atmospheric C02, ( 13C/12C)a, and the isotopic fractionation factors for CO, gas invasion (y) and evasion (p), which have been calculated by Siegenthaler and Munnich (1981) . Thus
Values adopted for y and ,B are functions of temperature and of concentrations of HCO,-and CO,(aq) .
The utility of the DIC-13C mass balance results from the isotopic fractionation that occurs during CO, gas exchange and photosynthetic assimilation of carbon. CO, gas transfer drives the DIC pool toward isotopic equilibrium with the atmosphere (i.e. 613C -O?b, as in the surface ocean), whereas photosynthetic uptake of CO, (depleted in 613C by about 2OYm relative to the DIC 613C) enriches the DIC pool in 13C. Equations 1 and 3 are solved for G and S. In practice this is achieved by solving for z and using the measured CO,(aq) concentrations to calculate G. We use an f of 1.2 for the summertime and 1.0 for the winter months, calculated for the conditions in Lake Washington by the numerical method outlined by Emerson (1975) .
Accuracy estimates-The accuracy of the calculated z and S values depends on the uncertainty in the estimate of the other DIC fluxes in Eq. 1 and 3. The uncertainties in these DIC fluxes are summarized in Table  6 . Generally, P3C analyses contribute little to the overall error in z and S because these measurements are much more precise than the others [i.e. Z, 0, DIC, CO,(aq)]. The major uncertainties in the calculation of z (and G) and S are derived from the uncertainty in estimating DIC and DIC-613C input from unsampled small streams entering the lake, the error in the CO,(aq) values calculated from pH and alkalinity, and the uncertainty in whether calculated CO,(aq) concentrations determined monthly adequately represent average conditions.
Because several of the DIC and DIC-13C flux terms in Eq. 1 and 3 have errors that are correlated but to an uncertain degree, standard routines for error estimation (e.g. Bevington 1969 ) are inappropriate. Instead, we used a Monte Carlo technique to determine the error in the calculation of z and S by allowing each of the terms with the greatest uncertainties in Eq. 1 and 3 [i.e. I, C02(aq), dC/dt, ( 13C/12C)s] to vary over their respective frequency distributions. A mean and standard deviation for z and S was then calculated from 8 1 calculation iterations; these CT values are the errors associated with the calculated z, G, and S values (see Tables  7-9 ).
Carbon mass balance for Lake Washington
We focus our calculations on the periods of winter isothermal mixing (21 January-19 March) and summer stratification (24 June-13 August) because during these periods the CO,(aq) concentrations in the epilimnion were stable. Calculation of z and S for the periods of onset of stratification (19 March-27 May) and fall epilimnetic deepening (23 September-19 November) gave meaningless results because monthly measurements are insufficient to accurately resolve the correct values of the CO,(aq) time rate of change. Values of z, G, and S calculated from the simultaneous solution of Eq. 1 and 3 using depth-integrated data from the whole lake (O-60 m) are presented for the winter and summer periods in Table 7 . With the exception of the rate of winter net organic carbon production (discussed below), values of S and G have errors of < 30% during these periods.
Summer and winter DIC mass balances-We first discuss the whole-lake DIC balances and then calculate carbon fluxes from the epilimnetic and hypolimnetic data separately. Table 7 summarizes the wholelake carbon flux terms for the winter and summer periods. During winter, the high pressures of dissolved CO2 gas (-1,120 patm) result in a net CO2 evasion from the lake. The calculated loss rate of CO, gas (2.8kO.81 x 106molCd-1)nearlybalances the total inflow of DIC (3.4kO.4 X lo6 mol C d-l). Because these two terms dominate the carbon flow in the lake in winter, the calculated value for DIC conversion to organic carbon (S = 0.46kO.65 x lo6 mol C d-l) is relatively small and has an uncertainty of > 100%.
During the summer period, 24 August, stratification #is most intense, with an epilimnion depth of 5 m. The low dis-solved CO2 gas pressure (47 patm) calculated for this period implies a net atmospheric CO, invasion.
The DIC and DIC-13C mass balance calculations result in a value for G of 0.8OkO.15 X lo6 mol C d-' (z = 197f36 pm forf= 1.2), which is similar to the DIC inflow rate (1.07&O. 10 x lo6 mol C d-l). CO, gas invasion is a major source of carbon to the lake during summer. The calculated value for S during this period (-0.86kO.18 x lo6 mol C d-l) indicates that there is a net conversion of organic carbon to DIC, which was not expected during summer. Because this value of S is calculated from a whole-lake DIC balance, it implies that degradation of organic carbon (POC and DOC) to DIC more than offsets net organic carbon production in the epilimnion.
It also implies that instead of a net carbon burial during summer 1980 there was a net flux of DIC to the lake from the sediments.
During the stratified summer period, a calculation of G and S similar to that made for the whole lake can be made from epilimnetic DIC and DIC-13C mass balances. One additional DIC flux must be estimated-the upward diffusive supply rate of DIC through the metalimnion.
We estimate this metalimnetic flux (J) using Fick's Law
where K, is the vertical eddy diffusion rate, ADIC/AZ is the DIC gradient, and A is the area of the lake at 15 m. Using an estimate of K = 0.02 cm2 s-l for Lake Washington calculated from heat flux measurements (Quay et al. 1980 ) and measured DIC gradients, we get a flux of 0.035-+0.017 x lo6 mol C d-l for 24 June-13 August. Incorporating the metalimnetic DIC and corresponding DIC-13C fluxes into Eq. 1 and 3, we calculate values for z and S. The results of these epilimnetic calculations are z = 269+83pm(forf= 1.2), G=0.61+0.16 x lo6 mol C d-l, and S = 0.68kO.12 x lo6 mol C d-l (Table 8) . The values of z and G agree, within errors, with the results of the calculations of the whole-lake DIC balance (Table 7 ). The value of S calculated from the epilimnetic DIC balance is positive, indicating that there is a net conversion of DIC to organic carbon (i.e. new production) in the epilimnion.
Since a DIC flux out of the littoral sediments is likely and the calculated value for S includes this sediment-derived flux, a true estimate of the rate of epilimnetic DIC to organic carbon production can be calculated by adding the littoral sediment DIC flux to the value calculated for S. We made two independent estimates of the littoral sediment DIC flux: one is the value of S calculated from the whole-lake balance, and one is from the measured gradients of hypolimnetic porewater DIC (Fig. 8) . Both estimates are derived by normalizing the flux to the area of littoral sediments between 0 and 5 m. The first method results in a littoral sediment DIC flux of 0.07 x lo6 mol C d-l, and the second method yields 0.03 x lo6 mol C d-l. These values are < 10% of the calculated net organic carbon production, resulting in a small correction to the calculated rate of epilimnetic net organic carbon production, i.e. S = 0.73-10.12 x lo6 mol C d-l.
Sediment trap collections provide an independent estimate of epilimnetic POC flux rates. Results of bimonthly trap measurements at 15 m (Table 5) give a POC flux of 0.91+_0.13 X 106 mol C d-l, which is the same as that estimated from calculations of DIC balance within the errors of both methods. Although we recognize the possible errors from carbon degradation and sediment resuspension (Davis 1973; Bloesch and Burns 1980; Gardner et al. 1983) , these data provide the best available direct confirmation of the results calculated with the model. The net rate of organic carbon production can be used to derive an estimate of the efficiency of carbon recycling in the epilimnion with the data for primary production and respiration rate. Estimates of primary productivity, based on bimonthly measurements of 24-h 14C uptake (Table 3) , result in an average production rate of carbon, corrected for insolation, of 2.2 x lo6 mol C d-l. Although interpretation of the 14C-fixation method is complicated, generally one might expect a 24-h uptake experiment to represent a value intermediate between gross and net primary production (Peterson 1980 ). An independent estimate of the primary production rate derived from monthly ETS measurements (Table 4 ) results in an epilimnetic respiration rate (phytoplankton and bacteria) of 2.2 x lo6 mol C d-l during June and July 1980. Devol (1979) estimated summertime rates of epilimnetic zooplankton respiration to be 0.74 x lo6 mol C d-l in Lake Washington during 1974; if we assume these rates to be representative for 1980, an estimated rate of gross primary production of 3.7 x 1 O6 mol C d-l is calculated (by adding both respiration rates to the calculated net organic carbon production rate, s).
These two estimates of primary production rates suggest that our net organic carbon production rate of 0.73 x 1 O6 mol C d-l represents a new production that is 20-30% of the estimated primary production; thus, 70-80% of the primary production is recycled within the epilimnion. Similar values (54-82%) have been reported by Eppley and Peterson (1979) for productive oceanic environments and by Ohle (1962) , who determined that 74% of primary production was recycled within the epilimnion of Schluensee, Germany. Wetzel et al. (1972) argued that in Lawrence Lake, Michigan, the average annual POC epilimnetic recycling rate was 88%. The average epilimnetic POC concentration in Lake Washington from June through August 1980 was about 1.7 mg liter-' (Edmondson unpubl. results) . Combining the calculated rate of net organic carbon production with the rate of POC outflow of 0.14 x lo6 mol C d-l indicates a particulate organic carbon residence time of -64 days. For comparison, Wetzel et al. (1972) found an average turnover time of epilimnetic POC of 40 days in Lawrence Lake.
Between 24 June and 13 August, the metalimnetic (1 O-20 m) DIC increases at a rate of 0.6lkO.21
x lo6 mol C d-l and the hypolimnetic (20-60 m) DIC at a rate of 0.76kO.31 x lo6 mol C d-l. This total rate of DIC production, 1.37kO.37 x lo6 mol C d-l, is twice the net rate of epilimnetic DIC to organic carbon production, implying that half of the metalimnetic and hypolimnetic DIC results from remineralization of organic carbon from other sources. River input of POC between 24 June and 13 August is 0.20&0.10 x lo6 mol C d-l, approximately balanced by POC outflow at 0.14+0.04 X 106 mol C d-l. Thus most of the increase of metalimnetic and hypolimnetic DIC in excess of that supplied by net production of epilimnetic organic carbon (i.e. 0.64 x lo6 mol C d-l) must be supplied by POC remineralization in the sediments. Evidence supporting sediment as an important DIC source is derived from measurements of porewater DIC in hypolimnetic sediments (Fig. 8b ) which result in a DIC flux of 0.5 1 x 1 O6 mol C d-l. Although these measurements were taken from only one 5-cm-diam core collected in 1983, the magnitude of the calculated flux of sediment DIC suggests that the sediments are a probable source for the excess DIC increase in the metalimnion and hypolimnion.
That the major source of the increase of hypolimnetic DIC results from the remineralization of organic carbon is indicated by the change in the hypolimnetic DIC 613C where d(13C/12C x DIC)/dt = (13C/12C), x (dDIClt).
The measured rates of change of the DIC V3C [d(13C/12C x DIC)ldt] and DIC (dDIC/ dt) result in a 613C for the DIC source, i.e. ( 13C/12C)c, of -3 14 ~Y&I, the same as the measured POC d13C of -29+3Y&
Annual DIC balance-The annual DIC and DIC-13C input and loss terms are described by Eq. 1 and 3 and the fluxes are presented in Table 9 . In 1980, there was no net change in the average DIC concentration between 21 January (767 PM) and 15
December (765 PM). Over this same period, the DIC inflow of 2.1OkO.3 X lo6 mol C d-l was exactly balanced by the DIC outflow of 2.0820.1 x lo6 mol C d-l. These fluxes imply that CO, gas exchange must balance net production of organic C from DIC over the whole year. (Although DOC was not measured in 1980, monthly measurements of DOC in 1983 indicate a variation of < lo%, i.e. 0.2 x lo6 mol C d-l.)
An estimate of the average annual rates of CO2 gas exchange and net conversion of DIC to organic carbon can be determined from Eq. 1 and 3 if we assume a constant stagnant boundary layer (z) of 175 + 50 pm, the mean of summer and winter z values. These calculations for the interval between 2 1 January and 15 December result in values for G and S that are very small with relatively large errors ( Table 9 ), indicating that over the annual cycle there was no net carbon gain or loss by CO, gas transfer or net production of organic C from DIC. These values coupled with an approximate balance between annual rates of POC inflow (0.14 x lo6 mol C d-l) and outflow (0.11 x lo6 mol C d-l) imply that there was no net carbon burial during 1980.
Carbon burial in Lake Washington has been calculated from sedimentation rates measured by varve chronology (Edmondson and Allison 1970) and 210Pb measurements (Barnes et al. 1978) ; the post-1916 sedimentation rate of 3 mm yr-' corresponds to a carbon burial rate of 0.8 x 1 O6 mol C d-l. The discrepancy between this burial flux and the zero carbon burial calculated from the 1980 DIC and DIC-13C mass balances presumably means that long term carbon sedimentation rates need not apply for each year but average over several , years.
The level of primary production in Lake Washington controls the net amount of carbon gained or lost by CO, gas exchange because of its direct effect on surface CO,(aq) concentrations. For example, in years when primary production is low, CO,(aq) levels will not remain below the atmospheric equilibrium concentration for as long as when primary production is high, and total CO2 gas invasion will be relatively low. That the primary production rate is likely to vary significantly from year to year is demonstrated by the factor-of-2 range in nitrogen and phosphorous loading rates and factorof-4 range in summer Chl a levels observed since 1968, after sewage diversion (Edmondson and Lehman 198 1). Evasion of CO2 gas during winter depends in part on degradation of organic carbon that was previously stored in the sediments. For Lake Washington, net organic carbon burial to or loss from the sediments depends on the balance between winter CO2 gas evasion and summer CO2 gas invasion; the latter of these fluxes is controlled by the level and duration of primary production. Because CO, gas exchange occurs year-round in Lake Washington, year-to-year variability in the carbon balance will be high and rates of carbon burial derived from measurements of sedimentation rate may not hold for any particular year.
